Abstract. Wide-angle seismic studies have determined the detailed velocity structure along a 350-km-long profile across the Labrador margin. Combination of this model with a previously published cross section for the southwestern Greenland margin constitutes the first combined conjugate margin study based on seismic velocity structure. The results indicate three distinct zones across the Labrador margin, similar to the structure of the conjugate Greenland margin. Zone 1 represents 27 to 30-km-thick continental crust thinning gradually seaward over-100 km distance. Farther seaward, zone 2 is 70-80 km wide, characterized by a distinct lower crust, 4-5 km thick, in which velocity increases with depth from 6.4 to 7.7 km/s. Interpretation for this lower crustal block favors an origin by serpentinized peridotite rather than by magmatic underplating. Zone 3 represents two-layered, normal oceanic crust. The cross sections from both margins are reconstructed to an early drift stage at Chron 27. This demonstrates that the serpentinites in zone 2 are symmetrically distributed between previous identifications of Chrons 31 and 33 on both margins. Zone 1 shows a marked asymmetry, with a gradual thinning of continental crust off Labrador contrasted with a rapid thinning off Greenland. The abundant serpentinization of upper mantle peridotite in zone 2 and the asymmetric shape of zone 1 are both probably related to a very slow rate of continental rifting which produced little if any melt.
Introduction
The details of the rifting mechanism on nonvolcanic, passive continental margins have remained elusive. This is apparent not only in the question of pure shear [McKenzie, 1978] Proper study of the rifting mechanism requires understanding of the present crustal structure across the complete transition from continent to ocean on conjugate margin pairs. This can be accomplished by deep multichannel reflection profiling and wide-angle seismic refraction methods. While numerous reflection studies have been conducted on continental margins, few reflection data sets [Keen et al., 1989 [Keen et al., , 1994 Tucholke, 1988] . The crust is deeply subsided under the Labrador shelf, partly due to sediment loading, whereas little or no subsidence has occurred under the western Greenland shelf [Rolle, 1985] . The rift-related Mesozoic extension of the Canada-Greenland continent possibly started as early as -160 Ma, as evidenced from the dating of coast-parallel dike swarms in SW Greenland [Watt, 1969] . This rifting occurred with little volcanic activity, leaving less than 800 m of synrift extrusive basalts on the Labrador margin [Balkwill, 1987] 
Coincident Multichannel Reflection Profile
We briefly review the Labrador segment of the MCS profile of Keen et al. [ 1994] . This profile (Figure 2) is coincident with the cross-margin line 90R1 and the sediment and basement structure were used for the subsequent refraction modeling. The sedimentary section can be divided into synrift and postrift units, separated by a breakup unconformity "U". This interpretation is tied to the regional seismic stratigraphy based on boreholes [Bell, 1989] . The U reflector corresponds to the top of the Bjarni formation of late Albian age (-98 Ma; >Chron 34). The synrift unit below U is discontinuous and occupies structurally low regions between basement blocks. The identification of U becomes less certain near the shelf break and below the slope. We use a simplified 2-D ray-tracing algorithm [Reid, 1994] for generating an initial 2-D velocity model that results in an overall travel time fit to observed seismic phases. The model was then refined by use of the SEIS83 algorithm [Cerveny et al., 1977] , which can better describe the complex 2-D structure with velocity contours rather than individual layers and enables us to image both conjugate margins using the same method as that of Chian and Louden [1994] . Two horizontal scales will be used. There is no evidence on OBS Q to suggest more than one layer for the crust. A proper extension of lower crustal velocity contours from both sides of the OBS produces a reasonable fit to P3 except for the curvature of its hyperbola diffraction at -30 km range. There is little control on the depth of the Moho from this OBS, as Prop cannot be convincingly determined.
Ranges
OBS P. On OBS P (Figure 7) , a strong sediment phase P] between ranges of _+40 km reveals a sediment velocity structure which is consistent with adjacent OBS D ( Figure A12 ) and the nearby along-strike refraction profile 90R2. For the crust, a twolayer structure, as determined from profile 90R2, is consistent with phases P•P, P2, P2P, and P3 at positive ranges from OBS P. P•P is visible at 10-20 km range, with a slope that corresponds to a slightly higher apparent velocity than P•. P2P is well modeled at ranges of 8-12 km and 20-30 km.
Modeling of similar phases from adjacent OBS on profiles 90R1 and 90R2 supports the existence of an upper layer, with a velocity of 4.8-5.0 km/s and a distinct lower layer with velocity of 6.2-6.9 km/s, extending westward to join the single layer crust beneath the shelf. Prop is not visible at OBS P, but there is a strong P,, phase. This P,, phase is continuous with the P3 arrival, with a change in slope at 37 km range. This phenomenon also exists for OBS G and A (Figure 8) and is attributed to an in- 
Gravity and Magnetic Modeling
We carried out gravity modeling based on the velocity section across the Labrador margin (Figure 10 The resultant gravity model generates a gravity profile that fits the general features of the observed data (Figure 10b) . However, as with zone 3 on the SW Greenland margin [Chian and Louden, 1994] , the computed gravity anomaly near the eastern end of the profile is >20 mGal higher than observed. This suggests that either the actual density for the oceanic crust in zone 3 is lower than computed or the density in the oceanic lithosphere varies across the margin, as might be expected, given the age of the basin. The lack of control on lithospheric variations across the margin and the uncertainty in sediment densities leave us little confidence in making further improvements to the gravity fit by varying the crustal densities. 
Interpretation of Crustal Model
In this section, we present a mutually consistent interpretation of the velocity structures of both margins of the Labrador Sea. We will consider in particular the nature of the continent-ocean boundary and whether the high-velocity lower crust in zone 2 is formed by magmatic underplating or by serpentinization. 
Nature of Continent-Ocean

Upper Crust in the Transition Zone
The upper crust in zone 2 •s characterized by a low-velocity layer of 4-5 km/s [Chian and Louden, 1994] . This crust appears to be highly faulted on the SW Greenland margin, and its low velocity is compatible with the low-velocity upper crust on the Goban Spur margin [Horsefield et al., 1994] , southern Newfoundland margin [Reid, 1994] , and Flemish Cap margin [Todd and Reid, 1989 ]. An intracrustal reflector is present on the Greenland margin but is not observed in the corresponding zone of the Labrador margin, possibly indicating less velocity contrast between the upper and lower layers.
We do not know the origin of the low-velocity upper crust within the transition zone. The seismic velocity allows several possibilities: altered pillow basalts, upper continental crust, serpentinite, or a mixture of these rocks together with sediment. In the first case, only a small amount of basalt is generated as the top layer of basement over a distance of <200 km (Figure 12 ). This is consistent with the reinterpreted magnetic anomalies (Chrons 31 and 33) in this zone, even though they are of low amplitude and irregular patterns [Srivastava and Roest, 1995] . It is also possible that this material has different origins on the two margins and that the low-velocity upper crust off SW Greenland represents tilted fault blocks of upper continental crust stretched and thinned by a factor of 2-3 [Chian and Louden, 1994] . This interpretation can explain the nature of block tilting and existence of the intracrustal reflector for this margin. It is also consistent with the possible absence of more than half of the upper crust on the Labrador margin (Figure 12 ). The low-velocity upper crust on the Labrador margin is interpreted to be non-continental because no block tilting or intracrustal reflector are observed.
Conclusions
In this paper, we have determined the crustal velocity structure across the Labrador margin from seismic refraction profiles. The results are interpreted in combination with a similarly determined velocity structure across the conjugate SW Greenland margin [Chian and Louden, 1994] , and data from coincident multichannel reflection, gravity, and magnetic surveys. This constitutes the first detailed crustal velocity analysis for a complete rifted continental margin pair. The results suggest the following:
1. The conjugate margins of the Labrador Sea are divided on each side into three distinct zones according to crustal velocities. Zone 1 represents stretched continental crust, much wider on the Labrador margin than on its conjugate SW Greenland margin. Seaward of this zone, zone 2 is characterized by the existence of a high-velocity (6.4-7.7 km/s) lower crust, nearly symmetrically distributed across both margins over distances of 50-80 km. Farther seaward, zone 3 has typical oceanic crustal velocity, and its age is younger than Chrons 27-31 (62-68 Ma).
2. The continent-ocean transition is best described by the wide zone 2 rather than a sharp boundary. The high-velocity crust in this zone is more likely to be serpentinized peridotite than mafic underplate. This suggests that there was little melt generated in zone 2, which may be explained as a consequence either of a slow rate of continental rifting [Keen et al., 1994; Bown and White, 1995] or of tectonic thinning of oceanic crust at a slow rate of seafloor spreading [Srivastava and Roest, 1995] .
3. The asymmetry in continental thinning across zone 1 indicates that final breakup of the continental crust occurred closer to the Greenland margin. A similar asymmetric location of breakup was determined by Keen et al. [1989] between Flemish Cap and Goban Spur. It is also consistent with predictions of geodynamic models for slow rates of rifting, in which a migration of crustal necking is produced by enhanced cooling and strengthening of the rift zone [Bassi et al., 1993] . A determination of the prebreakup crustal reconstruction and more complete discussion of the rifting process is presented by Chian et al. [1995] , using combined data from both refraction and MCS reflection profiles.
